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Effects of IGF-Binding Protein 5 in Dysregulating the
Shape of Human Hair
Penkanok Sriwiriyanont1,2,6, Akira Hachiya3,6, William L. Pickens2, Shigeru Moriwaki3, Takashi Kitahara3,
Marty O. Visscher2, William J. Kitzmiller4, Alexander Bello5, Yoshinori Takema3 and Gary P. Kobinger5
The hair follicle has a unique dynamic property to cyclically regenerate throughout life. Despite significant
progress in hair structure and hair shape determination using animal models, the mechanisms controlling
the architecture and the shape of the human hair remain largely unexplored. In this study, comparison of
the genetic expression of several human genes, especially those involved in growth, development, and
differentiation, between Caucasian curly hair and naturally straight hair was performed. Thereafter, analyses
using human recombinant and lentiviral vector technologies were conducted to further dissect and elucidate a
molecular mechanism that regulates hair growth and development, particularly in controlling the shape of the
hair shaft. Overexpression of IGF-binding protein 5 (IGFBP-5) in the human hair xenografts obtained from
straight- and curly-haired individuals was found to result in the decreased expression of several extracellular
matrix proteins and disassembly of adhesional junctions, resulting in twisted hair shafts as well as an unusual
deposition of hair cuticle that may be derived from the disturbance of normal proliferation and differentiation.
This study provides evidence that IGFBP-5 has an effect on human hair shape, and that lentiviral transduction
regimen can be used for functional analysis of genes involved in human hair morphogenesis.
Journal of Investigative Dermatology (2011) 131, 320–328; doi:10.1038/jid.2010.309; published online 14 October 2010
INTRODUCTION
Follicular gene therapy is a relatively new proposed
technique for correcting defective genes. Long-term expres-
sion of transgenes can be used for treating hereditary genetic
diseases, such as X-linked hypohidrotic ectodermal dysplasia,
in which the mutation of several genes on the X-chromo-
some, particularly EDA1 and its receptor EDAR, cause
abnormal hair shape, lack of sweat glands and dysmorphic
facial features (Zonana, 1993). Although follicular-directed
gene therapy holds promise for treating genetic diseases, it is
also encumbered by the technical challenges of targeting
the transgene to the stem cell populations and of ensuring the
desired transgene function.
The shape of human hair is a unique characteristic
enabled by communication among stem cell populations
and is programmed within the hair bulb (Thibaut et al., 2005).
Accordingly, hair shape can be used to monitor the efficiency
and persistency of follicular gene transfer when hair shape-
related genes are altered. It has been suggested that IGF-
binding protein 5 (IGFBP-5) is involved in hair bending
(Schlake, 2006). IGFBP-5 has been reported to both inhibit
and augment the actions of IGF-I, which has crucial roles in
growth and development (Guevara-Aguirre, 1996; Laron,
2001; Boutinaud et al., 2004), and to have IGF-I-independent
effects, particularly in relation to apoptosis (Allan et al., 2004;
Flint et al., 2005). In situ hybridization of anagen hair follicles
has revealed coexpression of mRNA for IGF-I and IGFBP-5 in
dermal papilla (Batch et al., 1996; Rudman et al., 1997), and
the expression of IGF-I receptor in matrix cells (Hodak et al.,
1996). These data suggest roles for this growth factor and its
binding protein in epidermal–mesenchymal interactions to
control hair growth and differentiation and to regulate tissue
homeostasis. In addition, IGFBP-5 interacts with extracellular
matrix proteins to form a crucial regulatory system in
extracellular matrix tissue remodeling (Firth and Baxter,
2002). Transgenic mice overexpressing IGF-I have abnor-
mally wide and long hair shafts, whereas the opposite effects
were observed in IGFBP-3 and IGFBP-5 transgenic mice
(Weger and Schlake, 2005a, b; Schlake, 2005a, b). Mechan-
isms of Krox20 and IGFBP-5 have been demonstrated to
reduce the medulla size resulting in hair bending (Schlake,
2006). Bending of the hair follicle may also be explained by
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asymmetrical proliferation and/or differentiation in outer root
sheath (ORS), in inner root sheath, and in the hair shaft itself
(Thibaut et al., 2005). It has also been documented that
mutation of EGF receptor in ORS is responsible for the wavy
hair shafts in waved-2mice, and that defective K6irs results in
curly hair shafts in Foxe1 transgenic mice (Schlake, 2007).
Furthermore, an atypically bent shape, aberrant nodular
thickness, as well as irregularities in ORS and bulb, have
been reported in the vibrissa of GATA-3-null mice with
delayed barrier maturation (Kaufman et al., 2003).
The goal of this study was two-fold (1) to investigate the
functional role of IGFBP-5 in controlling human hair shape,
and (2) to confirm whether the pseudotyped lentiviral vector-
mediated method of hair follicle gene transfer results in the
establishment of long-lasting functional transgene.
RESULTS
Higher expression of IGFBP-5 was demonstrated
in Caucasian curly hairs
To investigate the involvement of IGFBP-5 in human hair
bending, IGFBP-5 mRNA transcripts among Caucasian
straight and curly hair donors were investigated. Significantly
higher expression of IGFBP-5 and significantly lower expres-
sion of loricrin, collagen IV a5, and collagen IV a6 were
demonstrated in curly hairs (Figure 1a). Additionally,
immunohistological staining of IGFBP-5 illustrated asymme-
trical expression with higher expression on the convex side
in ORS of curly hair (Figure 1b and c) contrary to the
symmetrical IGFBP-5 expression observed in straight hair
(Figure 1d and e).
Recombinant IGFBP-5 has a significant impact on the shape
of human hair follicles
Microdissected hairs were maintained in culture with or
without 250 ngml1 of human recombinant IGFBP-5. Photo-
micrographs illustrated the progressive effect of this binding
protein on overall hair shape (Figure 2a). Experiments were
conducted twice with each type of hair shape (n¼10 per
group). Immunostaining clearly indicated a marked decline
of loricrin in ORS and inner root sheath in IGFBP-5-treated
hair (Figure 2b and c). Unusual localization of collagen IV
was observed in treated hair follicles, in which infiltration of
collagen IV from the basement membrane zone progressed to
the ORS on the convex side of the upper hair follicle, but
not in the bulb region (Figure 2c). Curvature of the hair
follicle was determined by the variance in y. The variance
data indicated a statistically significant augmentation in two-
dimensional bending of both straight and curly hair follicles
treated with IGFBP-5, 3 days after the initiation of organo-
typic culture (Figure 2d). Slightly slower hair growth that was
not significant was observed in IGFBP-5-treated hair follicles
(Figure 2e).
Overexpression of IGFBP-5 in grafted hair follicles
caused hair bulb and hair shaft bending
To further investigate the possible role of IGFBP-5 on hair
bending, IGFBP-5 gene transfer studies were conducted
using another set of Caucasian donors (Figure 3a). Our
previous studies using ex vivo transduction regimens before
the transplantation demonstrated efficient transduction and
stable LacZ expression without discernable effect on hair
shape (Sriwiriyanont et al., 2009). In this study, hair follicles
were incubated prior to engraftment in DMEM with or
without vesicular stomatitis virus glycoprotein (VSV-G)-
pseudotyped lentiviral vector encoding either IGFBP-5 or
eGFP, then evaluated 3 months after engraftment. Over-
expression of IGFBP-5 not only altered the shape of the hair
bulb in follicles from straight hair donors (Figure 3b), but also
initiated twisted hair shafts, which was not seen in the eGFP-
transfected controls (Figure 3c). Scanning electron micro-
Curly
Straight
R
el
at
ive
 m
R
N
A 
ex
pr
es
sio
n
*
*
*
*
*
3.0
2.5
2.0
1.5
1.0
0.5
0.0
Lo
ric
rin
Co
lla
ge
n 
IV
 
6
Co
lla
ge
n 
IV
 
5
IG
FB
P-
5
a b
c
d
e
Figure 1. Quantitative and qualitative comparisons between Caucasian straight hair and curly hair. Real-time PCR of selected genes (IGFBP-5, loricrin,
and collagen IV a6 and collagen IV a5) was performed to evaluate gene expression (a). Asterisk (*) indicates statistically significant differences between
groups (Po0.05). Immunohistochemistry of IGF-binding protein 5 (IGFBP-5; red) revealed asymmetrical expression of this protein in the ORS of curly hair
(b, c) compared with its symmetrical expression in straight hair (d, e). Asterisks (*) indicate the convex side of the hair follicles where higher expression of
IGFBP-5 was observed. Scale bar¼ 100mm.
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scopy of straight hair xenografts revealed an intriguing
alteration in IGFBP-5-transfected hairs (Figure 4). Cross-
sections of Caucasian straight hair were ovoid in eGFP-
transfected control hairs and stellate in IGFBP-5-transfected
hairs (Figure 4a and b). Twisted hairs accompanied by an
unusual deposition of cuticles were also observed in IGFBP-
5-treated hairs but not in controls (Figure 4c and d).
Furthermore, spiral furrows were detected along the proximal
portion of IGFBP-5-transduced hair shafts in contrast to
smooth and tightly packed hair cuticles in controls (Figure 4e
and f).
Exogenous IGFBP-5 leads to the disruption of several
extracellular matrix proteins and triggers a-smooth muscle
actin (a-SMA) production in grafted hair follicles
Because of the presence of endogenous IGFBP-5 in dermal
papillae, both DMEM and eGFP-transduced hair follicles
were used as a control (data not shown and Figure 5a).
Overall, whole hair follicles were successfully transfected,
but more prominently in dermal papilla, dermal sheath, and
various areas in the ORS layer. In the distal part of the hair
follicle that overexpressed IGFBP-5, asymmetrical expression
of IGFBP-5 was detected in the ORS, whereas induction of
a-SMA was observed in the connective tissue sheath (Figure
5b). In addition, a decrease in E-cadherin as well as a
discontinuous pattern of collagen IV was found in IGFBP-5-
transfected hair, indicating the importance of the basement
membrane integrity in human hair shape (Figure 5b). Similar
results were observed in the proximal part of the hair follicles
(Figure 5c). Interestingly, gaps between the ORS and the
connective tissue sheath of IGFBP-5-hair follicles were
observed in both proximal and distal area adjacent the
region where loricrin was depleted (Figure 5b and c, asterisks
and arrows). These results suggest a possible inhibitory
function of IGFBP-5 on cell differentiation and cell adhesion
in human hair follicles.
Exogenous expression of IGFBP-5 induces a similar phenotype
in human cultured keratinocytes and dermal papilla cells
Lentiviral vector encoding IGFBP-5 was administered to
human keratinocytes and dermal papilla cells. Following
IGFBP-5 vector-mediated transduction, expression of a-SMA
was detected in keratinocytes but not in control cells
(Figure 5d). In control dermal papilla cells, a-SMA was
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Figure 2. Morphological effect of exogenous IGF-binding human protein 5 (IGFBP-5) in hair follicle bending. Isolated straight and curly hair follicles were
maintained in supplemented Williams’ E medium with and without recombinant IGFBP-5. Photographic images of control hair follicles or IGFBP-5-treated
follicles were recorded every other day for 1 week (a). Double labeling of collagen IV (green) and loricrin (red) in control (b) and IGFBP-5 treated hair follicles (c)
was conducted after 7 days in culture. Scale bars¼ 100mm. A statistically significant difference in hair bending was observed in IGFBP-5 treated hair follicles
compared to controls (d). The asterisk (*) indicates the earliest time point when a statistical difference was observed between the groups (Po0.05).
No discernable difference in hair growth was observed between groups (e).
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uniformly localized along the stress fibers whereas a
disrupted and unusual localization of a-SMA was observed
in IGFBP-5-dermal papilla cells (Figure 5e). In addition, E-
cadherin expression in IGFBP-5-keratinocytes was decreased
(Figure 5d). These results suggest that IGFBP-5 induces actin-
related mechanical stresses resulting in hair bending.
Function of IGFBP-5 on hair shape is retained throughout
the next hair growth cycle
Growth of first cycle-regenerated hairs was allowed to
proceed for 3 months before images were recorded and
analyzed. Afterwards the hair shafts were plucked. Five
months later, a second cycle of regenerated hair shafts was
observed. Hair shafts from both straight and curly hair donors
are shown in Figure 6a–f, respectively. The shape changes
observed in the presence of IGFBP-5 that were seen in the
first cycle of straight hairs (Figure 6b) were also present in the
second cycle (Figure 6c). The same result was noted in curly
hairs (Figure 6e and f). It is important to note that the bending
of hair shafts in the presence of IGFBP-5 was more
pronounced in grafted straight follicles. Although the expres-
sion of IGFBP-5 mRNA was detected in both first and second
hair cycles in IGFBP-5-transduced hair follicles, overexpres-
sion was statistically significant in the first cycle only (Figure
6g). To gain further insights into potential mechanism(s)
underlying hair shape determination, we analyzed gene
expression of several genes using transfected hair follicles
from the first and second hair cycles. These genes included
loricrin, collagen IV, E-cadherin, fibroblast growth factor
2 (FGF2), and one of its high affinity receptor, FGF receptor 1
(FGFR1). Overall, genetic profiles were similar over the two
hair cycles (Figure 6g). IGFBP-5-transduced hair follicles
exhibited statistically significant increases in mRNA expres-
sion of FGF2 and FGFR1 and statistically significant
decreases in mRNA expression of loricrin and E-cadherin
in both hair cycles. Both collagen IV a5 and collagen IV a6
mRNA expression levels were decreased in IGFBP-5-trans-
fected hair, but the decreases in expression were not
significantly different in either hair cycle.
DISCUSSION
We previously reported the advantages of VSV-G-pseudo-
typed lentiviral vector in cutaneous and hair gene therapy
(Hachiya et al., 2007; Sriwiriyanont et al., 2009). Apart from
the possible use of this regimen for future therapeutic
practice, the human hair chimeric model provides an
excellent opportunity to dissect molecular functions of
specific genes involved in the human hair morphogenesis
and development. In this study, we focused on several genes
that may be involved in the human hair shape determination.
To minimize the confounding effect of differential gene
expression profiles between the races, only hair follicles from
Caucasian donors were used for comparative analysis.
IGFBP-5, whose mRNA transcript expression was at least
two-fold higher in curly when compared with straight hair
follicles, has been recently identified as a molecular marker
of zigzag hair follicles in transgenic mice following the
induction of reduced medulla columns in murine hairs
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Figure 3. Effect of IGF-binding protein 5 overexpression in hair shaft bending and hair bulb bending from both straight and curly hair donors. Photographs
of the original shape of donor hair (a). Digital photographic images of an IGFBP-5-transfected straight hair follicle on day 0 before it was grafted and the
same hair follicle at harvest, 3 months after it was grafted, reveal the significant effect of IGFBP-5 on the shape of the hair bulb (b). The influence of IGFBP-5
on hair shaft shape determination was more pronounced when hair from straight hair donors was used (c). Controls were eGFP transfected.
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(Schlake, 2005a, b). However, because medulla is much less
prominent in human hair, the relationship between IGFBP-5
human hair shapes has been unexplored. Using an in vitro
culture, we observed the effects of exogenous recombinant
IGFBP-5 on human hair bending. In addition, follicles
harvested after 7 days of exogenous IGFBP-5 administration
demonstrated deterioration of basement membrane integrity
as well as a dramatic decrease in ORS differentiation. These
data supported the selection of IGFBP-5 as a strong candidate
gene involved in hair shaft bending.
A high titer of VSV-G-pseudotyped lentiviral vector
encoding full-length IGFBP-5 was used to transfect straight
and slightly curly hairs in culture before grafting. Regenerated
hairs demonstrated atypical and distinguishing hair morpho-
logy such as stellate cross-section, spiral twists, and furrows
along the hair shafts compared with controls. IGFBP-5
overexpression did not decelerate hair growth or compromise
graft survival compared with controls (data not shown), in
contrast to very-high-mortality rates and growth retardation
noted in transgenic mice overexpressing IGFBP-5 (Salih et al.,
2004).
To investigate how IGFBP-5 affects hair shape, mRNA
transcript expression of several hair related genes were
evaluated for their differential expressions. A significant
increase of IGF-I mRNA transcript was observed in hair
follicles overexpressing IGFBP-5 (data not shown). On the
other hand, immunostaining of both straight and curly hair
follicle overexpressing IGFBP-5 demonstrated a dramatic
decrease of Ki67-positive matrix cells (data not shown). These
results suggest that the effects of IGFBP-5 on hair follicle
bending may be dependent on IGF-I. Binding of IGFBP-5 to
IGF-I may reduce the availability of IGF-I, which is a strong
mitogen for keratinocytes, and in turn, may increase IGF-I
mRNA levels. It is also important to note that while we
observed the alteration of IGF-I mRNA transcript and
asymmetrical changes in the number of Ki67 positive cells,
there was no discernable difference in the rate of hair growth
between control and IGFBP-5-transfected straight or curly
hairs. In addition, transcript expression of FGF2 and
FGFR1 were upregulated in IGFBP-5-transduced hair grafts,
in agreement with a previous report (Jukkola et al., 2006).
FGF’s have multiple roles in many developmental processes,
such as patterning and morphogenesis (Thisse and Thisse,
2005). FGF’s are involved in mediating mesenchymal–epithe-
lial cell interactions by inducing cell proliferation, migration,
and differentiation (Grose et al., 2007). Stimulation of FGF
in mammary epithelial cells has been reported to induce
E-cadherin endocytosis and deteriorate cell adhesion (Bryant
et al., 2005). In addition, in pancreatic adenocarcinoma
patients, E-cadherin expression has been documented to be
modulated by FGF1 and FGF2 (El-Hariry et al., 2001; Young
et al., 2003). E-cadherin functions in the mediation of
intercellular adhesion in epidermis and hair follicles that is
essential for proper skin and hair development. Ablation of
E-cadherin in knockout mice causes dermal fibrosis and
abnormal hair bulbs that reside in the muscle layer (Young
et al., 2003). Our study showed that increased expression
of IGFBP-5-induced a-SMA, but dramatically decreased
E-cadherin in keratinocytes. Additionally, sporadic expres-
sion of E-cadherin was found along the granular and basal
ORS but not in suprabasal layer of IGFBP-5-overexpressing
hair. Aberrant localization of E-cadherin in ORS may disturb
hair differentiation, as the loss of E-cadherin was reported to
alter proper differentiation (Tinkle et al., 2004). In E-cadherin
null mice, an insufficient amount of desmosomes in the lower
portion of the inner root sheath and the hair cuticle has been
shown to deteriorate membrane integrity, resulting in
structural aberration of hair follicles (Tinkle et al., 2004).
E-cadherin and loricrin mRNA expression was considerably
decreased in IGFBP-5-transduced follicles. In addition,
immunoreactivities of loricrin and collagen IV in IGFBP-5-
transduced hair demonstrated depletion of loricrin in the
a b
c d
e f
Figure 4. Ultrastructural examination of hair shafts. Hair shafts plucked from
eGFP-transfected control straight hair follicles (a, c, e) and IGFBP-5-
transfected follicles (b, d, f) were harvested 3 months after grafting and
examined by scanning electron microscopy. Comparison of hair shafts cut in
cross-section (a, b) or uncut hair shafts (c–f) shows the effects of IGFBP-5
overexpression on hair shaft morphology. In cross-section, it can be observed
that untreated control follicles produced ovoid hair shafts (a), whereas IGFBP-5-
transfected follicles produced stellate shafts (b). Examination of the hair shaft
along their longitudinal axis reveals that IGFBP-5-transfected hair follicles
produced spiral twisted (d) and furrowed hair shafts (f, asterisks (*)), in contrast
to the more typically shaped hair shafts produced by control follicles (c, e).
Scale bars¼ 5 mm.
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proximity where the follicle structure was compromised.
Loricrin is one of the precursor proteins that are involved in
the formation of cornified envelope and hence, final
keratinization of the hair shaft. Loricrin and involucrin are
cross-linked along the inner surface of plasma membranes of
cornified cells and have been suggested to predetermine the
hair shaft regeneration (Akiyama et al., 2002). Considering
the fact that dermal papilla is rich in basement membrane
proteins, such as collagen IV and laminin (Couchman, 1986),
and that IGFBP-5 was present in the dermal papilla (Batch
et al., 1996), it is plausible that interaction between dermal
papilla and the matrix cells regulates basement membrane
and cornified envelopment modifications that ultimately
control the shape of the hair follicle.
The persistency of transgene expression as well as IGFBP-5
function was evaluated by following the xenografted follicles
into a second hair cycle. Approximately, 5 months after
plucking the hairs, a second cycle of regenerated hairs was
analyzed. Similar levels of monitored gene expression
were observed in both cycles. The collagen IV level in the
IGFBP-5-transduced follicles remained overall lower than
controls but not with statistical significance. However, gene
expression levels of IGFBP-5, FGF2, and FGFR1 were
consistently higher in the IGFBP-5-transfected hair follicles.
In addition, statistically significant reductions of loricrin and
E-cadherin were observed in both hair cycles. Taken
together, these data suggest that transduction of human hair
follicles with VSV-G-pseudotyped-lentiviral vector results in
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Figure 5. Immunofluorescence of grafted human hair. Photomicrographs show control eGFP (a) as well as immunofluorescent localization of a-smooth
muscle actin (a-SMA), E-cadherin, loricrin, or collagen IV (Col IV) in IGF-binding protein 5 (IGFBP-5)-transfected and control straight follicles in longitudinal
sections (b) and in cross-sections (c) obtained from proximal and distal regions of the hair follicles, respectively. Arrowheads in the cross-sections illustrate the
regions where the structure is bent. Arrows in the longitudinal sections indicate the loricrin-depleted area in the IGFBP-5-overexpressed follicles, whereas the
asterisks (*) identify a gap between the connective tissue sheath and the outer root sheath. The effect of IGFBP-5 on these markers is also shown in keratinocytes
(d) and dermal papilla cells (e). Scale bars in a¼ 100mm, b and c¼ 50 mm. Scale bars in c and d¼ 10mm.
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long-lasting expression of IGFBP-5 with retained function of
altering the structure and shape of human hair. Overall,
overexpression of IGFBP-5 caused aberrant cell proliferation
and differentiation, disturbed normal intercellular adhesion
and affected the basement membrane integrity thereby,
resulting in the production of curly hair.
MATERIALS AND METHODS
Specimen collections
Two 6-mm scalp biopsies were collected from each of six Caucasian
tissue donors, and maintained in DMEM containing antibiotics–anti-
mycotics (Invitrogen, Carlsbad, CA). Three of the tissue donors had
straight hair and three had naturally curly hair. The ages of the
donors ranged between 25 and 35 years. In the in vitro experiments,
microdissected hair follicles from one straight hair donor and one
curly hair donor were used for gene expression and immunohisto-
logical analyses. In the grafted animal experiments, scalp biopsies
were obtained from the other four donors. The Declaration of
Helsinki Principles was followed and written informed consents
were obtained prior to biopsy collection. This study was approved by
the Institutional Review Board of Cincinnati Children’s Hospital.
Quantitative real-time reverse transcriptase PCR analysis
Total RNA from microdissected hair follicles (n¼ 4 per hair type)
were extracted using the RNeasy micro kit (Qiagen, Valencia, CA),
followed by complementary DNA conversion using ThermoScript
reverse transcriptase-PCR kit (Invitrogen). In the animal studies,
grafted hair follicles were microdissected before RNA preparation
(control DMEM (n¼ 6), control eGFP (n¼ 6), and IGFBP-5 hair
follicles (n¼ 8)). Real-time reverse transcriptase PCR was conducted
using Taqman Gene Expression assays and an ABI PRISM 7300
sequence detection system (Applied Biosystems, Foster City, CA).
Expression of each gene was normalized to either GAPDH or RPLP0.
Hair bending measurement
Isolated follicles from straight and curly hair donors (n¼ 10 per
group) were maintained in supplemented Williams E medium
(Sigma, St Louis, MO) with or without 250 ngml1 human
recombinant IGFBP-5 (GroPep, Therbarton, SA, Australia). Supple-
mented media contained 2mM L-glutamine (Invitrogen), 10 mgml1
transferrin (Invitrogen), 10ngml1 sodium selenate (Sigma), 10ngml1
hydrocortisone (Invitrogen), and antibiotics–antimycotics (Invitrogen).
Degree of hair bending was calculated using an in-house computer
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Figure 6. Long-term integration of IGFBP-5 and its continuing effect on hair shape. Images of transfected xenografted follicles from a straight hair donor
(a–c) and a curly hair donor (d–f) show the protracted morphological effect of IGFBP-5 overexpression. Panels a and d depict the first cycle-regenerated
eGFP-transfected controls. Panels b and e depict the first cycle-regenerated IGFBP-5-transfected hairs. After recording images, these hair shafts were plucked
and another hair cycle was grown over 5 months. Panels c and f are images of the same two mice showing second cycle-regenerated hairs. Quantitative
real-time PCR results demonstrate the consistent expression patterns of transgene and several genes of interest within two hair cycles (g). Asterisks (*) indicate
statistically significant differences between groups (Po0.05).
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algorithm. In brief, a magnified image was computer generated from
each hair follicle. A small circle was drawn every 5.45mm along the
length of the hair follicle. Using the intersection points of the hair
follicle and the perimeter of each drawn circle, a series of right triangles
was constructed. The angle subtended by the base of the each right
angle and the hair follicle was determined and defined as y. The degree
of hair bending was reported as the variance in y.
Vector design
The pDelta UX3M-9 lentiviral transfer vector was modified from
pDeltaUX3 by adding two unique restriction sites (Xbal and Mlul) at
nucleotide 2518 after partial digestion with Notl and ligated with
custom linker. Clones from this ligation were confirmed after Xbal
digestion. Full length of IGFBP-5 was prepared from a skin comple-
mentary DNA library (Invitrogen) using the following primer sets.
IGFBP-5-50: ATATATCTAGAGCCACCATGGTGTTGCTCACCGC
IGFBP-5-30: ATATAGGATCCCTCAACGTTGCTGCTGTC
After PCR amplification, the IGFBP-5 sequence was cut with Xbal
and BamHI, and cloned into pBlueScript. Plasmid DNA was isolated
using the QIAprep miniprep kit (Qiagen). Sequencing verification
indicated a correct complementary DNA ORF, except for one silent
mutation at nucleotide 1484. After sequence confirmation, IGFBP-5
in pBlueScript was released as an Xbal/BamHI fragment and cloned
into pDelta UX3M-9 as an in-frame fusion with the woodchuck
hepatitis virus post-transcriptional regulatory element. Finally,
HIV vector encoding IGFBP-5 or eGFP was prepared by triple
transfection of 293T cells with pCMVR8.2 packaging construct,
pMD.G plasmid expressing VSV-G and pDeltaUX3M-9-IGFBP5-
WPRE or pDeltaUX3-eGFP-WPRE.
Overexpression of IGFBP-5 in grafted human hair follicles
Microdissected hair follicles were double transfected with VSV-G-
pseudotyped lentiviral vector encoding IGFBP-5 or eGFP (1.6
109 TUml1), and were grafted onto the animals within 12 hours
of collection as previously reported (Sriwiriyanont et al., 2009).
Animal grafting
Animals were handled according to the guidelines of Institutional
Animal Care and Use Committee of Cincinnati Children’s Hospital.
Female imprinting control region, severe combined immuno-
deficiency mice, 4–6 weeks old (Taconic, Germantown, NY), were
anesthetized and the surgical sites were marked and bored. Then,
25 ml of supplemented Williams E medium was added into the
subcutaneous space and hair follicles were inserted. Grafted hair
follicles were held in place with surgical glue, and enclosed with
adhesive film (Tegaderm, 3M, Ontario, Canada). Experiments were
performed twice. In the first experiment, 13 hair follicles (DMEM,
n¼ 2; eGFP, n¼ 5; IGFBP-5, n¼ 6) from each hair type were grafted.
In the second experiment, 40 straight hair follicles (DMEM, n¼ 10;
eGFP, n¼ 10; IGFBP-5, n¼ 20) and 24 curly hair follicles (DMEM,
n¼ 6; eGFP, n¼ 6; IGFBP-5, n¼ 12) were grafted.
Overexpression of IGFBP-5 in keratinocytes and dermal papilla
cells
Human foreskin keratinocytes and adult scalp dermal papilla cells
were prepared as previously described (Messenger, 1984; Bratka-
Robia et al., 2002; Yoshida et al., 2007). Single viral transfection was
conducted using stock viral titer (2.0 107 TU per well). At 4 hours
after transfection, cells were washed three times before incubation in
fresh medium. Transfected cells were fixed in ice-cold acetone/
methanol (1:1) after 7 additional days in culture.
Scanning electron microscopy
Human hair xenografts were cut into 2–3mm pieces and placed on
aluminum specimen mounts (Electron Microscopy Sciences, Hatfield,
PA). Morphology was examined after the hairs were coated with gold–
palladium under vacuum for 2minutes using a Hummer Sputter Coater
(Anatech, Hayward, CA). Images were captured using a FEI Quanta 200
scanning electron microscope (FEI, Hillsboro, OR) at a voltage of 20kV.
Immunohistochemistry
Paraffin sections were used in all the experiments, except for
the IGFBP-5 labeling, in which frozen sections were used. After
blocking, sections were incubated in one of the following primary
antibodies: rabbit polyclonal anti-IGFBP-5 (R&D systems, Minnea-
polis, MN), mouse monoclonal anti-collagen IV (EMD Bioscience,
Gibbstown, NJ), rabbit polyclonal anti-loricrin (Covance, Denver,
PA), rabbit polyclonal anti pan-cytokeratin (Dako, Carpinteria, CA),
mouse monoclonal anti-E-cadherin (Takara Bio, Madison, WI) or
mouse monoclonal anti-a-SMA (Santa Cruz Biotechnology, Santa
Cruz, CA). Sections were detected with either Alexa Fluor 488 or
546 (Invitrogen).
Statistics
Data were analyzed for statistically significant differences using the
Student t-test. Differences between groups were considered statis-
tically significant when Po0.05.
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